Propagation of an elliptic excitation wave front was studied in a two-dimensional model of a thin sheet of cardiac muscle. The sheet model of 2.5 x 10 mm consisted of a set of 100 parallel cables coupled through a regular array of identical transverse resistors. The membrane dynamics was represented by a modified Beeler-Reuter model. We defined the charging factor (CF) to represent by a single number the proportion of input current used to charge the membrane locally below threshold and showed that CF is inversely correlated with the time constant of the foot of the action potential (rfoo) during propagation on a cable. A safety factor of propagation (SF) was also defined for the upstroke of the action potential, with SF directly correlated with the maximum rate of depolarization (V..) and, for cablelike propagation, with propagation velocity. Propagation along the principal longitudinal axis of the elliptic wave front is cablelike but, in comparison with a flat wave front, transverse current flow provides a drag effect that somewhat reduces the propagation velocity, Vm., SF, and CF. With a longitudinalto-transverse velocity ratio of 3:1 or more, the wave front propagating along the principal transverse axis is essentially flat and is characterized by multiple collisions between successive pairs of input junctions on a given cable; V., SF, and CF are larger than for longitudinal propagation, but CF is no longer correlated with Tfoot. There are transient increases in propagation velocity and V. with distance from the stimulation site along both principal axes until stabilized values are achieved, and a similar transient decrease in Tfoot. Away from the principal axes, the action potential characteristics change progressively along the elliptic wave front. When the isochrone curvature is relatively low, collisions take place and propagation is predominantly transverse. Beyond a certain degree of curvature, collisions are absent and propagation is predominantly longitudinal. Good correlations are found between our simulations and published experimental observations on strips of heart muscle, except for the behavior of ioot Based on the indications provided by the model, it is argued that the short recording distance used in experimental measurements may have led to an overestimation of 'rfoot in the longitudinal direction because of transient changes in the foot of the action potential and possible distortions caused by the stimulus. (Circulation Research 1991;69:378-395) T he hypothesis that a circulating wave of excitation could occur in a region of intact myocardium was first documented by Allesie et al,1-3 who described a type of reentry in which a wave front traveled around a functional obstacle such as a region of blocked or prolonged action potentials. In that case a central vortex of activity is out of phase with the rest
have demonstrated that reentrant activity can be initiated in two-dimensional tissue with uniform membrane properties. Then the functional obstacle arises when a properly timed premature impulse is blocked in the direction of the long axis of the fiber, while steady propagation occurs in the transverse direction. As reentrant propagation developed, these authors also observed directionally dependent differences in the shape of the action potentials. These observations are inconsistent with a two-dimensional extension of cable theory, which predicts that action potential shape is not dependent on the direction of propagation. 6 This led Spach et al4,5 to assert that cardiac tissue cannot be modeled as a functional syncytium and Leon and Roberge Directional Characteristics in Cardiac Tissue 379 that the propagated action potential is strongly influenced by the microscopic structural properties of the tissue. It is thus important to examine how the directionally dependent differences in propagation may arise from the interplay between changes in membrane conductance during propagation and the electrical loading at a given point arising from the passive properties of myocardium and the pattern of cellular interconnections. The basic premise is that the passive anisotropic properties of cardiac muscle have an independent role in determining excitability and the safety factor of propagation (SF) and that such properties can produce many of the conduction disturbances leading to reentry without the presence of spatial differences in refractory periods.4 '5 This question is addressed in the present study by using a two-dimensional model of a thin sheet of cardiac muscle in the form of an assembly of interconnected parallel cables. We assumed uniform membrane properties throughout the sheet and neglected the possible effects of active ionic transport and ion accumulation. A regular pattern of interconnections was chosen, similar to that described by Kootsey and WU.7 The regular spacing of the transverse connections (A), the fixed transverse resistance (RY), and the constant intercable distance were chosen to yield a suitable ratio of transverse to longitudinal conduction velocity. This simplified model of anisotropic myocardium improves on previous models of this type and displays interesting effects of structural organization on the dynamic features of two-dimensional propagation. Starting from a set of passive tissue properties, we devoted particular attention to the changes in membrane capacitance charging factor (CF) and SF with respect to the shape of the propagating activation wave front and the direction of propagation.
Methods

Sheet Model
Our two-dimensional model is intended to represent a thin strip of cardiac muscle. Each cell element is a small uniform cylinder (radius a) with a constant surface-to-volume ratio (Sv=2/a). The cell membrane is represented by a modified BeelerReuter model that has served in many of our previous propagation studies. One of its main features is a more rapid Na+ current (INa)8; it is given by INa=gNam3h(V-ENa), where gNa iS the maximum conductance, m and h are activation and inactivation variables, respectively, ENa is the Na+ equilibrium potential, and V is the transmembrane potential. The secondary inward current (1ij), the delayed K' current (IX1), and the time-independent K' current (IK1) are unchanged from the original Bee- ler-Reuter formulation.9
The extracellular space is assumed to be isotropic and unbounded, with negligible resistivity compared with the intracellular space. In the direction of the long cell axis the cytoplasmic and junctional resistances are combined into an average intracellular resistivity (ri), leading to the representation of a chain of cells as a discretized continuous uniform cable. The cable is discretized into segments of length 8, with an intracellular resistance R. and a modified Beeler-Reuter membrane patch ( Figure  1 ). The sheet model is developed as an arrangement of a large number of parallel cables with a specific pattern of transverse connections.10 Transverse current flow is then governed by a transverse resistance that can be chosen arbitrarily as to its location and value. In the present sheet model we use a regular network of fixed resistors (Ry) with a constant A (Figure 1 Its solution is the sum of the particular and homogeneous solutions to Equation 3,  VJ(x)=VJ(x)+bile'+bi2e-Kx (4) where V(x) is the particular solution for each interval xi<x<xi,1, and K, bi1, and bi2 are constants that can be calculated by recognizing that the size of the discontinuity in dV/dx (i.e., jump [ Figure 2 ), with the other end of RY maintained at a fixed potential of -87 mV. A pulse stimulus (1 msec in duration and approximately 1.5 times threshold intensity) was applied across the membrane at the proximal end of the cable to induce propagation.
Another structure was a rectangular sheet model consisting of 100 parallel cables discretized into 400 segments 25 ,um in length for a total length of 10 mm. The center-to-center spacing between adjacent cables was fixed at 25 ,gm for a total sheet width of 2.5 mm. As with the single cable, a propagating wave front (elliptic shape as in Figure 6 ) was elicited by means of a pulse stimulus applied this time to a pair of neighboring cables at the center of the sheet and close to its proximal end. Whenever it was desired to generate a longitudinal or transverse flat wave front, a set of pulse stimuli was applied to either the transverse or longitudinal edge of the sheet, respectively.
The general features of a flat transverse wave front in the sheet model are depicted in the enlargement on the right of Figure 1 . Because of the flat wave front, the same current (Iy) arrives through all input junctions and divides equally between lxl and I12. Below threshold, lxl and Ix2 flow decrementally toward the output junction located midway between any two input junctions. Because of the leak resistance RY at the output junction and despite the summation of lxl and 1,2, there is a lower membrane potential at that point compared with the value at the input junction. Consequently action potentials will be elicited first at input junctions, and the two propagating wave fronts will meet. The point on a cable at which two wave fronts come together is characterized by a local minimum and will be referred to as a collision site. In this case, because of the symmetrical arrangement of the transverse resistors, the collision occurs at output junctions, thus causing a larger maximum rate of depolarization (Vm.) at the collision site despite the current leakage through Ry. Complete details of the propagation of a flat transverse wave front in the sheet model can be found in Reference 10. Simulations were also performed in a truncated rectangular sheet to examine the effects of loading on propagation and the initiation of unidirectional block. The structure was a sheet of three parallel cables, 2.5 mm in length, abutted to a sheet of 100 parallel cables, also 2.5 mm in length (see bottom right panel of Figure 4 ). Stimulation was applied as a point source to either end of the sheet.
It was verified that the spatial mesh was fine enough to ensure that no numerical distortions occurred during propagation when nominal parameter values (Table 1) were used. The most sensitive quantity is V'm., and as shown in one-dimensional studies, its value remains unchanged when the discretization factor (segment length/length constant) is lower than 0. 1.11,12 In the present case, the cable segment length (25 gm) and length constant (838 ,um) of Table 1 give a discretization factor of 0.03, which is well below the critical limit.
The time step used in all simulations was constant at 2 jusec. The activation time was defined as the zero crossing of the action potential upstroke. Propagation velocity was measured by taking the difference in activation times over a distance of 50 ,um in either the longitudinal or transverse direction. The time constant of the foot of the action potential (,rfo,) was calculated from the slope of the linear part of the V(V) curve (see Figure 7) .
We studied propagation of excitation through changes in Vmax, rfoot, and conduction velocity under various conditions determined by the choice of Ry and A values. We also calculated CF corresponding to the subthreshold portion of the upstroke and SF corresponding to the suprathreshold portion (see bottom panel of Figure 2 ). The voltage threshold is Figure 3B ). Figure 2 and Figure 7 ). Results presented in Figure 2 correspond to gNa=100% or gNa=25% and to RY ranging from 9 to 50 MfQ. CF decreases gradually as the action potential wave front approaches the junction. The magnitude of the decrease at the junction is larger for lower values of Ry (Figure 2A ), but propagation is maintained even with Ry=9 Mfl. Just beyond the junction CF jumps back up to the base value of 0.158. With gNa=25% of its nominal value ( Figure 2B ) the base value of CF decreases to about 0.09 (about a 40% reduction), and its minimum reaches 0.04, a level that is sufficient to produce propagation failure with Ry=9 Mfl.
The decrease in CF reflects a proportional decrease in the charging of the capacitance (see "Methods") and is closely correlated with an increase in Tfoot. With gNa=100% the base value of rTfoot is 0.25 msec ( Figure 2C ), and it increases to 0.75 msec with gNa=25% ( Figure 2D ). Therefore, a 40% reduction in CF corresponds to a 300% increase in Tfoot. Similarly, with a given value of Ry, the decreased CF value at the junction is also paralleled by a proportionally more pronounced increase in rfoot (compare Figures  2C and 2D ). With gNa=25% there was some distortion of the foot of the action potential with Ry=10
MfQ, so rft could not be calculated.
SF is a single number that applies to the action potential upstroke (see bottom panel of Figure 2 and "Methods"). Like CF, SF decreases gradually as the wave front approaches the junction and shows a larger reduction as Ry is decreased ( Figure 3 Figure  3D ). It may be noted that the minimum velocity occurs slightly before the junction in Figure 3D (some 50 ,m), but since velocity is calculated over a distance of 50 gm, this particular location is not entirely meaningful and the minimum may be taken to occur at the junction. As indicated above, propagation fails with -Na=25% and Ry=9 MQl since SF is decreased below unity at some point preceding the junction ( Figure 3B ).
The changes in conduction velocity and Vmx are positively correlated (Figure 3 ), and both quantities are inversely correlated with changes in rfoot ( Figure  2 ). The simulated changes in Vmax and rfoot are in the same direction as published observations for Purkinje fibers414 and the atrium.15
Events distal to the junction. As Figure 3 indicates, SF increases progressively toward its base level as the action potential propagates beyond the junction. Figure 2B , the large transient decrease in CF beyond the junction suggests that propagation was nearly extinguished, as is also indicated by the fact that SF reached a value of 1.0 in Figure 3B (with a minimum conduction velocity of 0.1 m/sec [ Figure 3D] Using the truncated sheet model depicted in the bottom right panel of Figure 4 , we analyzed the propagation of a wave front passing through a region characterized by a large increase in loading. This situation is similar in many ways to the branching fiber or equivalent expanding cylinder model of an axon described previously by Goldstein and Rall. 16 They showed that increasing the downstream loading affected the propagated action potential and if branching (or the fiber radius) increased sufficiently that propagation would fail.
When stimulation was applied at the proximal end, a flat wave front traveled along the narrow section of the sheet (width of three cables, 75 ,um) and was transformed into an elliptic shape as it entered the large portion just beyond the junction.
With gNa=100% and Ry=2 MQl (curve 1 in Figure  4 ), SF starts to decrease about 400 gm proximal to the junction and reaches its minimum about 100 ,um distal to it. The minimum value of SF= 1.4 indicates that propagation is secure at the entrance to the large portion of the sheet, corresponding to a Vmax of 150 V/sec and a conduction velocity of 0.42 m/sec. One also notes a parallel decrease in CF as well as a substantial increase in rf. All these events occur over a distance of 0.5 mm or less beyond the junction, and further away from it the various quantities return to a baseline corresponding to stable propagation over the large section of the sheet model.
Reducing gNa to 25% of its nominal value and increasing RY to 6 MQ to reduce the leak current at output junctions allow conduction to be maintained through the junction, as indicated by curve 2 in ., . .., (2) 
at the distal end of the sheet. In this case an elliptic wave front was initiated, the characteristics of which were not affected by its passage through the junction.
Two-dimensional Sheet Model
Flat wave propagation. Stimulation of the sheet model along its longitudinal edge activates the first cable simultaneously over its whole length and initiates a flat transverse wave front. As described elsewhere,10 such a wave front is strongly influenced by Ry, Rx, A, and membrane properties. With the particular pattern of transverse connections chosen here, an action potential is first initiated at an input junction and propagates toward an output junction on the cable. Because any output junction is positioned equidistantly between two input junctions (Figure 1 ), the two action potentials collide at the output junction. From there on, each output junction supplies current to an input junction for the next cable and the same process is repeated.
The consequence of this mode of flat transverse propagation is a spatial diversity of potential levels and action potential characteristics over the surface of the sheet. Because the transverse resistance at the output junction provides a current leak for the active cable, the membrane potential at the output junction is slightly lower than at the input junction. On the other hand, despite the leak at the output junction the action potential collision at the output junction generates a higher Vma, than at the input junction ( Figure 1) . As a consequence, on any given active cable there is a cyclic fluctuation of membrane potential and Vmax with distance, with a period of 2A (see Figure 9 of Reference 10).
Elliptic wave fronts. Suprathreshold stimulation at a given point on the sheet gives rise to excitation in both the longitudinal and transverse directions, which yield the expected elliptic isochrones of an anisotropic medium. This situation is diagrammed in Figure 5 , where stimulation on the center cable generates elliptic contours with a higher velocity in the longitudinal direction than in the transverse direction. In the transverse direction at a sufficient distance from the center cable, the isochrone is nearly equivalent to a flat transverse wave front (point A in Figure 5 ), and propagation in this region occurs as described above: the time delay Al between the activation of two neighboring input junctions is negligible, and collision occurs at the output junction (see upper diagram A on the right-hand side of Figure 5 ).
Closer to the center cable the curvature of the isochrone is slightly more pronounced and there is a small time delay, A2, between the activation of two neighboring input junctions. As a result the collision does not occur exactly at the output junction but slightly closer to the input junction that is activated last. Still closer to the center cable (events at C in Figure 5 ), the time delay A3 is larger and the collision site is shifted further. Depending on the exact value of A3 and the proximity of the second input junction, only a partial collision may occur.
Finally, near the center cable, the curvature is such that the activation time between two neighboring input junctions is larger than the propagation time between two output junctions, and no collision occurs (events at D in Figure 5 ). Instead, there is a summation of the axial current on the cable with the current at the input junction.
Elliptic activation isochrones obtained with the model are shown in Figure 6 . There are transient changes in propagation velocity and action potential characteristics as the activation wave front moves away from the stimulation site, and these events reach a relatively stable value a few length constants away in either the longitudinal or transverse direction. For example, under nominal conditions, the final velocity of the flat longitudinal wave front is reached 2 msec after the stimulus onset, while the velocity along the principal longitudinal axis of the ellipse (Ox) reaches a value of 0.64 msec at 3 msec after the stimulus onset and its final value of 0.67 msec at 6 msec.
It should be noted that 6& is consistently lower than the velocity of the flat longitudinal wave front (OLf) because of the presence of a transverse current during elliptic propagation. Changing RY affects Oy but has little effect on Ox, while a change in ri produces important effects in both quantities ( Table  2 ). The effect of changing A on propagation is qualitatively the same as changing ri.10
Spatial diversity of action potential characteristics. Differences in the membrane current components along an isochrone corresponding to stable propagation are depicted in Figure 7 . Because threshold is defined as the point at which lion begins to move inward on the diagram, only the capacitive current is present below threshold. Thus the linearity of the subthreshold portion of the current-voltage curve reflects the exponential nature of the foot of the action potential, and the slope of the linear segment gives the value of rfot. As illustrated in Figure 7 , rfit has essentially the same value on the principal longitudinal and transverse axes of a given isochrone.
The curvature of the elliptic isochrone segment on the principal transverse axis is very small at some distance from the stimulation site (e.g., isochrone 12 in Figure 6 ), and one has a nearly flat wave front. Then the situation depicted on the right of Figure 1 for a flat transverse wave front applies, and the voltage threshold is lower at the output junction than at the input junction. This situation is reflected in Figure 7 by the relative positions of vertical arrows 1 and 3. An intermediate value of the threshold potential (arrow 2) occurs along the principal longitudinal axis.
The spatial diversity of action potential characteristics in the anisotropic sheet is best illustrated through variations in Vm, (or its equivalent, peak Ia).
One can see in Figure 7 that peak I, is lowest in the principal longitudinal direction (point 2 of inset). It is .AvVW. Figure 8 Figure 6 , with the distance between transverse connections on a given cable fixed at 100 mun and transverse resistance of 4 Figure 1 ). This pattem is lost at cable 35 where, over a small region extending overfive cables, a different mode ofvariation in V,, occurs (situation C in Figure 5 ). Still closer to the central cable, starting at cable 40, a longitudinal pattem ofpropagation prevails (summation of longitudinally propagating wave front and input current; situation D in Figure 5 ) where changes in V1,, are reversed compared with transverse propagation, the highest Vmax, now occuring at the input junctions.
when approaching the center of the sheet, that is, as the curvature of the isochrone increases (Figures 8  and 9 ).
We define propagation as "predominantly transverse" when a collision occurs on the cable (namely, situations A and B in Figure 5 Figure 8) Figure 6 . suspect that only partial collisions occur (situation C in Figure 5 ). Still closer to the center cable (namely, cables 25-40 in Figure 8 ) there is summation of axial and transverse currents on a given cable (situation D in Figure 5 ) and we have "predominantly longitudinal" propagation. This situation corresponds to the lowest average Vm.X values along the isochrone, as indicated in Figures 7 and 9B . There are then only small Vm,, variations between input and output junctions on adjacent cables (longitudinal zone in Figure 8 ), and one can note that the sawtooth pattern is now reversed with the higher Vma,x occurring at the input junctions (even-numbered cables).
The magnitude of Vmax variations with the curvature of the isochrone is reduced with a stronger Figure  9 , and one notes that SF increases as the curvature of the isochrone becomes lower. The range of SF variations is very small, however. With Ry=4 MQ, a maximum increase in Vmax of 27% corresponds to only a 3% increase in SF.
The sensitivity of SF to changes in a variety of parameters is described by the results shown in Table  3 . As expected, the SF of a flat wave front (SFLf) is transverse coupling (e.g., RY=4 MQ and A =200 ,um) because the foot of the action potential can no longer be described by a single exponential (a waveform similar to so-called foot potentials is observed17).
As shown in Table 4 , the CF along the principal longitudinal axis of an elliptic wave front (CFL) is consistently lower than that of a flat longitudinal wave front (CFLf). This situation parallels similar relations for conduction velocity (Table 2 ) and SF ( Table 3) . The difference between CFL and CFLf is reduced with a large Ry because a lower transverse current is involved, and both quantities become about equal with Ry=8 Mf.
The inverse correlation between CF and fi,t is valid only for cablelike propagation and does not hold for CFT because of the different mode of propagation. Instead of the persistent traveling activation wave front of longitudinal propagation, an action potential is triggered de novo by the transverse current (Iy in Figure 1) at each input junction on a given cable. The higher CFT indicates that a relatively larger proportion of Iy is used to charge the membrane locally (Table 4 ). In addition, as Ry is increased, there is less current leakage at output junctions and, although Iy is then smaller, CFT is increased substantially because a greater proportion of it serves to charge the membrane locally. Although f.t could decrease with distance as the action potential propagates away from the input junction, this did not occur because the collision took place only a short distance away (A). Therefore, rit is determined largely by the conditions for action potential triggering at input junctions, and it tends to have roughly the same value as Ry is changed, approximately equal to the stabilized rfot of longitudinal propagation at a sufficient distance from the center cable (e.g., 0.5 mm or more) (Figures 7  and 10 ). Substantially lower rfot values could arise during transverse propagation only if A were large enough to allow a sufficient distance for the transient reduction in f-t to occur before collision.
Discussion
In this theoretical study we examined the role of microstructure on propagation of impulses in cardiac tissue. Our simulation results are consistent with several published experimental observations showing deviations of cardiac propagation from the principles of continuous cable theory, thereby highlighting the importance of structural organization in determining the fine details of propagation. The two major aspects emphasized in this paper are the directionally dependent differences in action potential upstroke and the preferential direction for conduction block.
Propagation along the principal longitudinal axis of an elliptic wave front in the model is essentially cablelike. We then find close correlations between the propagation velocity, Vmax, SF, and CF. Along the principal transverse axis, propagation is in the form of a nearly flat wave front characterized by multiple collisions and substantial variations in Vma. There are then no correlations between the various parameters of propagation. Away from the principal axis, the characteristics of propagation are intermediate between these two extreme situations, and the events are more and more cablelike as the degree of curvature of the elliptic wave front increases. In accord with published experimental results, Vm,x is substantially higher in the oblique and transverse directions than in the longitudinal direction, and our simulations show that SF is directly correlated with Vm,x. On the other hand, contrary to published experimental findings, the stabilized value of Tfoot is roughly the same at all points along the wave front.
Given the structural complexity of cardiac muscle,'1819 the sheet model used in the present theoretical study is a highly oversimplified representation of "microscopic" anisotropic propagation. Nevertheless, taking into account the success achieved in simulating the essential features of propagation of activation wave fronts, we believe that the organizational features adopted are reasonable. First, because anisotropic properties of cardiac muscle reflect a tight electrical coupling of cardiac cells in the longitudinal direction (despite a preliminary report that challenges this hypothesis20), it appears acceptable to view a sheet of myocardium as a set of parallel uniform cables. Each cable may be taken to represent a string of cells, abutted end to end, forming an intracellular continuum of resistivity ri enveloped by a uniform excitable membrane. Second, because the tissue is far less well coupled transversely, a regular network of sparsely distributed transverse resistors seems to be a reasonable choice. From the geometry of isolated myocytes and the distribution of intercalated disks and accompanying nexus membrane, one might expect the distribution of cell-to-cell connections to be spatially variable to some extent in all directions. Here, for simplicity, we assume a simple symmetric arrangement with uniform center-to-center spacing of 25 ,um between any two adjacent cables. Given a radius of 5 ,um, a transverse spacing of 11 or 12 gm instead of 25 ,um would have been more realistic; on the other hand, this is mathematically equivalent to the slightly more realistic case of choices for the value of the center-to-center spacing or intracellular resistivity can easily be made to reduce the size of the extracellular space without changing the results. It is only with respect to the calculation of the extracellular field that these parameter values become important. Third, by assuming that the sheet of parallel cables is bathing in an unbounded volume conductor of negligible resistivity, we neglect the concentration-dependent active transport of ions across the membrane and the accumulation of ions in the cytoplasm and in the restricted interstitial space of myocardial tissue. This appears to be acceptable also because these factors are expected to give rise to second-order effects compared with the passive conductance properties of the membrane.
The sheet model is capable of reproducing the essential features of electric propagation in cardiac tissue. A suprathreshold pulse stimulus applied to a small area of the sheet gives rise to the familiar pattern of elliptic isochrones. While there are transient changes in propagation velocity and action potential characteristics as the activation wave front moves away from the stimulation site, stable values under nominal conditions are attained within 6 msec after stimulus onset. In a previous paper,10 we showed that the structural organization of the sheet model induces multiple collisions during flat transverse propagation, thus causing a diversity of microscopic behaviors in terms of voltage threshold and action potential characteristics. The results of the present study describe the peculiarities of this spatial diversity of microscopic behaviors along an elliptic activation wave front. Overall, because the model membrane properties are uniform throughout the sheet, variations in action potential upstroke and propagation characteristics are due to the structural organization, passive properties, and dynamic behavior of the sheet model.
In this respect, it must be emphasized that propagation of excitation along the principal longitudinal axis of the elliptic isochrone is not very different from propagation along a cable. The situation is quite different along the principal transverse axis, however, where the nearly flat isochrone segment has the essential features of flat transverse propagation. Because propagation in the usual sense of progressive displacement of a membrane depolarization wave front can occur only along longitudinally oriented cables in the sheet model, the concept of a transversely propagating wave front differs fundamentally from that of cable theory.
In fact, the transverse activation wave front is an undulating potential surface (see Figure 9 of Reference 10), which has the general shape and amplitude of the action potential upstroke. Under nominal Leon and Roberge Directional Characteristics in Cardiac Tissue 393 rise to progressive quantitative changes in the upstroke and propagation characteristics.
The basic events governing the behavior of the model are associated with either the presence or absence of action potential collisions on individual cables. When propagation is predominantly transverse, the timing is such that a collision occurs between a pair of successive input junctions and Vmax is large. Otherwise, as the curvature of the isochrone increases, the collision occurs nearer to the downstream input junction, it is less complete, and Vm.. is lower. As the degree of curvature becomes larger, the collision is absent and propagation is predominantly longitudinal. Because of some loss of current in the transverse direction, Vmax is then actually lower than for longitudinal flat wave front propagation.
Propagation Velocity, V, and Tf,t (Table 1) . Therefore, as suggested by Levine et al, 23 transverse current flow along the elliptic wave front provides a drag effect and leads to a lower velocity along the principal longitudinal axis.
The spatial variation of Vm,x along a flat transverse wave front is about 10% higher at output junctions than at input junctions when A=100 ,um and may be 30% or more when A is larger. The situation along an elliptic wave front depends on the degree of curvature (Figures 8 and 9 ). Over the flat portion of the ellipse in the vicinity of the principal transverse axis, the average Vm,x is large and small displacements of the recording electrodes may yield substantial variations, depending on the proximity of the electrode tip to an input or output junction. Near the tip of the ellipse, in the proximity of the Figure 2 ), less current is available to charge the membrane and CF is decreased. The value of CF is also inversely correlated with roo Thus a lower CF corresponds to a higher Tfoot, indicating that less of the axial current is available to charge the membrane capacitance and that the charging process is slower.
With a complex load, as during elliptic propagation in the two-dimensional sheet, CFL is lower than the CF for a flat longitudinal wave front. Thus less of the current is available to charge the membrane because of the presence of the transverse current, a situation that does not occur during flat longitudinal propagation when the transverse current is zero. As with the difference between 6, and 6f noted above, the drag effect causing the lower 6 also yields a slightly lower CF. In this situation the inverse correlation between CF and rfot found in the uniform cable is applicable and the rft of elliptic longitudinal propagation is slightly larger than rft of flat longitudinal propagation.
One notes also in Table 4 that CFT (CF along the principal transverse axis of the elliptic wave front) is much larger than CFL as Ry is increased (higher anisotropy ratio, or higher 0,,/Oy in Table 2 ). It follows that a larger proportion of the input current is used to charge the membrane locally, in comparison with the situation occurring during longitudinal propagation. However, because of the noncablelike transverse propagation (see "Results"), the larger CFT does not reflect a lower transverse -rfo.t Because Cm is uniform all over the sheet and because CF is directionally different, one may conclude that Cm is charged more efficiently in the transverse direction because of the lower loading current.
There is a very close correlation between SF, Vmnax and propagation velocity in the continuous cable (Figure 3) . A similar but less precise correlation is found in the truncated sheet (Figure 4 ). Here the complex loading resulting from the increased sheet area leads to a large decrease in Vm,x and velocity, but the minimum value is shifted away from the junction in the distal direction. In general our simulation results indicate that changes in Vmax and conduction velocity are good indicators of changes in SF, but in a two-dimensional setting, these changes do not coincide exactly with the site of the disturbance.
We found that the largest SF value was associated with a flat longitudinal wave front (Table 3) . With an elliptic wave front, however, there is a lower SFL than SFT, where flat transverse propagation occurs. This is in agreement with results in strips of normal cardiac tissue.4 Based on one-dimensional simulations and their own definition of SF, Delgado et al13 found a contrary result, that is, a higher SF in a continuous cable simulating longitudinal propagation than in a discontinuous cable simulating transverse propagation. As with Equation 5 , their own SF leads to SF= 1 as the critical condition for continued propagation. However, because the axial downstream current (which they use to calculate the total charge available) depends directly on the downstream load, it is not always a reliable indicator of the excess charge available to sustain propagation. For instance, an increased axial downstream current caused by a lower load may yield a large SF (according to their definition) if the threshold charge does not increase as much as the total charge. This could be a mistake because the capacity of the axial downstream current to sustain propagation depends not only on the total charge available but also on its spatial concentration. In other words, part of the axial downstream current may not be concentrated enough to depolarize the downstream membrane sufficiently to sustain propagation. 
